Introduction
Polypropyleneglycol acrylate (PGA) is typical of the acrylic oligomers utilized as ultraviolet-and electron-curable coatings, adhesives, crosslinking agents, and modifiers for various resins. PGA is industrially synthesized through esterification between the bifunctional alcohol, polypropyleneglycol and excess amounts of acrylic acid. Thus polypropyleneglycol diacrylate (DA) which possesses two acryloyl end groups is yielded mainly, while considerable amounts of polypropyleneglycol monoacrylate (MA) and unreacted polypropyleneglycol (PG) might coexist to some extent. Therefore, typical PGA samples comprise highly complex constituents consisting of the three types of homologues with various degrees of polymerization (DPs).
It is known that the differences in not only DP but also the average number of acryloyl groups introduced into a PGA molecule strongly influence the properties of PGA such as adhesion strength and curing speed. 1 Moreover, when PGA is used for electronic materials or food packages, the diffusion of some uncurable components such as PG often causes serious problems even after curing.
Accordingly, detailed compositional analysis of PGA has often been requested in order to understand the reactivity of PGA in practical use.
Among a variety of analytical techniques, high resolution gas chromatography (GC) using a modern capillary separation column is chiefly employed in the compositional analysis of various acrylic oligomers. However, less volatile components in the sample do not necessarily elute through the GC separation column. Moreover, the precise assignment of the peak components by GC/MS is often difficult, since the molecular ions of acrylic oligomers are not easily observable in the mass spectra, mainly because of their hard fragmentation. In addition, liquid chromatography (LC) is also utilized for the analysis of oligomeric samples even in the cases involving considerably higher molecular weight components. However, LC sometimes suffers from long measuring time and inaccurate determination of trace constituents, mainly because of its insufficient resolution and lower sensitivity.
Furthermore, supercritical fluid chromatography (SFC) is often successfully utilized to separate the oligomeric mixtures with a relatively wide range of boiling points, which compensates for the drawbacks of GC and LC. Recently, we Polypropyleneglycol acrylate (PGA), one of the typical acrylic oligomers manufactured industrially, was comprehensively characterized by gas chromatography (GC), supercritical fluid chromatography (SFC) and matrixassisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS). The homologous series of polypropyleneglycol diacrylate (DA), polypropyleneglycol monoacrylate (MA), and unreacted polypropyleneglycol (PG) were observed as Na adducts in the MALDI-MS spectra of the PGA samples. The relative intensities of these peaks reflect the distributions of the homologues, although their accurate quantification was generally difficult because of change in the ionization efficiency depending on the chemical structure and the molecular weight of the species. On the other hand, the DA and the MA homologues were observed in the chromatograms obtained by SFC in a temperatureprogramming mode, while the PG homologues were not detected under the given SFC conditions using UV detection. Here, the determination of the degree of polymerization of each component in the chromatograms was accomplished through SFC fractionation for the corresponding peaks, followed again by MALDI-TOF-MS measurement. Furthermore, most of the components in the PGA samples were almost completely separated in the resulting gas chromatograms, and their unequivocal assignments were made also using the retention data on the gas chromatograms of the SFC fractions.
As for the quantitative analysis, the relative abundances among DA, MA and PG for lower degrees of polymerization can be easily calculated based on the observed gas chromatograms, whereas the distribution of DA and MA can be estimated from the observed SFC data even for the relatively higher molecular weight fractions, which are generally difficult to determine accurately by GC because of their lower volatility. These results demonstrated that even the complex PGA samples were able to be characterized in detail by using GC, SFC and MALDI-TOF-MS complementarily.
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reported that almost all the components in an industrially available pentaerythritol acrylate (PEA) sample were able to be separated by SFC using either temperature programming or modifier gradient technique. 2 On the other hand, matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) has been recognized as a powerful method which simply yields molecular ions without any fragmentation even for oligomeric organic compounds including natural macromolecules such as proteins and polysaccharides 3 and various synthetic polymers. [4] [5] [6] [7] [8] However, it is generally difficult to make quantitative analysis accurately by using MALDI-TOF-MS alone, especially for polydispersed samples, because the ionization efficiency of a given species differs considerably depending on its chemical structure and DP. 9, 10 In such situations, it is often effective to analyze the oligomeric samples by combining multiple analytical methods complementarily. For example, so far, the combination of SFC fractionation and MALDI-TOF-MS has been applied to confirm the uniformity of the fractionated polymers, such as poly(methyl methacrylate) (PMMA), poly(ε-caprolactone) and poly(valerolactone). [11] [12] [13] Furthermore, uniform polymers thus fractionated were effectively used for the MALDI-TOF-MS measurements as the calibration standard. 14 In addition, the combinations of SFC/FTIR and SFC/atmospheric chemical ionization-MS have been found to be advantageous to characterize siloxane-ethylene oxide copolymers 15 and polydimethylsiloxane. 16 In this work, qualitative and quantitative analysis of the complex constituents in two types of PGA samples synthesized under different conditions was carried out comprehensively by GC, SFC and MALDI-TOF-MS. Here, the unequivocal assignments of the eluates on the chromatograms were achieved in combination with the SFC fractionation, followed by MALDI-TOF-MS identification. The comprehensive analysis of the constituents in the PGA samples was carried out while considering the overall data observed by GC, SFC, and MALDI-TOF-MS. Figure 1 shows the possible structures of the main components in the PGA samples: DA, MA and residual PG. Two kinds of PGA samples were prepared through esterification between PG and slightly excess amounts of acrylic acid, where the molar ratio in feed was 1.0:1.1 between hydroxyl groups of PG and carboxylic groups of acrylic acid. As for PGA-1, the esterification reaction was stopped when the estimated conversion reached to ca. 50% by monitoring the amount of water yielded during the condensation. Consequently, the main component in PGA-1 would be MA. On the other hand, the condensation for PGA-2 was theoretically completed (ca. 100% conversion for PG) in the same feed ratio between PG and acrylic acid. Therefore, PGA-2 would mainly contain DA.
Experimental

PGA samples
MALDI-TOF-MS conditions
The MALDI-TOF-MS measurements were performed using a Voyager DE-RP time-of-flight mass spectrometer (Applied Biosystems, Tokyo, Japan) equipped with a pulsed nitrogen laser (λ = 337 nm, 3 ns pulse width, and 3 Hz frequency) and a delayed extraction ion source. Laser beam intensity was experimentally attenuated to just above the threshold for the polymer ionization. Ions generated by the laser desorption were introduced into the flight tube with an acceleration voltage of 20 kV for the linear (1.3 m flight path) positive ion mode. The delay time was set at 150 ns. All spectra were collected by averaging 64 individual laser shots. Mass calibration was accomplished using α-cyano-hydroxycinnamic acid and bovine insulin.
During the sampling procedure, 0.5 µL of 0.01 M sodium iodide (Kishida Chemical) solution in acetone was spotted onto a flat stainless-steel sample plate, and dried in vacuo to deposit fine NaI crystals as a cationization salt prior to the sample/matrix deposition. Then 0.5 µL of 1.0 M 2,5-dihydroxybenzoic acid (DHB) (Aldrich) solution in ethanol was pipetted onto the thin NaI crystal layer, and also dried in vacuo. Finally, 0.5 µL of 1 mg/mL PGA sample solution in ethanol or 0.5 µL of SFC fractions (solution in ethanol) was spotted onto the matrix layer on the flat stainless-steel sample plate, and dried in vacuo. The SFC fractions collected into plastic vials at the outlet of the column with vaporizing CO2 mobile phase were further concentrated ca. 10 to 100 fold by evaporating ethanol modifier using an aspirator before the MALDI-MS measurements.
SFC conditions
The SFC system utilized was basically the same as that in the previous work. 2 It consists of a supercritical fluid pumping system [SUPER-201 system 2 (JASCO Corporation)] equipped with a GC oven (HP4890, Hewlett Packard) feasible for negative temperature programming and a multi wavelength UV detector (MD-910, JASCO Corporation). Here, the detection range of the UV wavelength was set between 200 and 300 nm; in this range there is a maximal absorption of the acryloyl group, and the peak area was obtained by integrating through this wave band. The packed separation column used was Develosil C30-UG-5 (Nomura Chemical, 4.6 mm i.d. × 250 mm long) packed with silica gel (5 µm particles) modified with C30 hydrocarbon group, of which separation characteristics were known to drastically change depending on the column temperature. Carbon dioxide (purity: 99.6%) modified with 10 vol% of ethanol (special grade, Wako Pure Chemical Industries, Ltd.) was used as the mobile phase. The mobile phase flow rate 278 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 was 5.5 mL/min. The initial column temperature was set at 130˚C and then cooled down to 40˚C at a rate of 3.0˚C/min. The pressure at the outlet of the column was kept at 20 MPa. An aliquot (10 µL) of the PGA sample solution (50 mg/mL in dichrolomethane) was injected for both analytical and preparative purposes.
GC conditions
In order to inject the less-volatile components in the PGA samples into the GC separation column at higher temperatures, a pyrolysis GC system was adopted instead of a conventional GC one. A vertical microfurnace pyrolyzer (Frontier Lab, PY2020D) was directly attached to a gas chromatograph (HP6890) equipped with a flame ionization detector (FID). An aliquot (1 µL) of the PGA sample solution (50 mg/mL in acetone) or 2 µL of the concentrated SFC fraction (in ethanol) in a platinum sample cup was introduced into the heated center of the pyrolyzer at 400˚C under the flow of helium carrier gas. A metal capillary column coated with polydimethylsiloxane immobilized by chemical crosslinking (Frontier Lab, Ultra Alloy PY-1, 0.25 mm i.d. × 30 m, 0.25 mm film thickness) was used. The 100 mL/min He carrier gas flow at the pyrolyzer was reduced to 2.0 mL/min at the capillary column by means of a splitter. The column temperature was initially set at 50˚C and then programmed up to 300˚C at a rate of 10˚C/min and kept at 300˚C for 20 min. Figure 2 shows the MALDI-TOF-MS spectra of PGA-1 (A) and PGA-2 (B). DA (Dn: n = DP), MA (Mn: n = DP), and PG (Gn: n = DP) were observed as their Na adduct ions with DPs from 4 to 12 for both PGA samples. These spectra suggested that PGA-1 comprised MA (Mn) as the most abundant components, along with DA (Dn) and unreacted PG (Gn) to substantial extents, and that PGA-2 mainly consisted of DA (Dn) together with considerable amounts of MA (Mn) and smaller amounts of PG (Gn) which are mostly observed in the low DP region. Figure 3 shows the SFC chromatograms of PGA-1 (A) and PGA-2 (B). Although the DA and the MA components were mostly separated from each other in the chromatograms, those of PG were not observed because of their insensitiveness for the UV detection.
Results and Discussion
MALDI-TOF-MS analysis
SFC analysis and fractionation
The observed peaks (1) - (17) were discriminatively assigned to DA and MA homologues based on the elution patterns of their two chromatograms and the results of MALDI-TOF-MS measurements shown in Fig. 2 . Moreover, the unequivocal identification of each component was carried out through the SFC fractionation of the peaks (1) -(17), followed again by MALDI-TOF-MS measurement. Figure 4 shows the typical MALDI-TOF-MS spectra of the fractions: (A) fraction for the peak (13) (fraction 13) and (B) fraction for the peak (8) (fraction 8). Figure 4 (A) indicated that the fraction 13 comprises exclusively D6. On the other hand, as shown in Fig.  4(B) , the fraction 8 consists mostly of M7, together with considerable amounts of G7, which was not detected in the SFC chromatograms by the UV detection, and some amounts of M6 and D6 from the foregoing peaks (peaks (6) and (7), respectively). Figure 5 shows the gas chromatograms of PGA-1 (A) and PGA-2 (B), where the homologues of DA, MA and PG were almost completely isolated up to D10. Among these peaks, the homologues of PG were discriminated by comparing the gas chromatograms of the PGA samples with that of their starting PG material observed under the same GC conditions. Moreover, in order to make unequivocal assignments for the peaks on the gas chromatograms, the GC retention data for the SFC fractions were also effectively utilized. Here, it is interesting to note that some of the peaks on the chromatograms were partly split, suggesting the existence of diastereoisomers for those components.
GC analysis
Compositional analysis of PGA samples
The compositional analysis of the two PGA samples was attempted based on the MS spectra or the chromatograms obtained by each of the analytical methods. Table 1 shows the compositions of the PGA samples among the three homologous series estimated by MALDI-TOF-MS, SFC and GC, based on the total peak intensities of the homologues. Here, the estimated composition of each homologous series was normalized with that of DA. In the case of MALDI-TOF-MS, the molar ratio was estimated directly by using the signal intensities on the observed MS spectra without making any correction. As for SFC, the molar ratio between DA and MA was determined based on the peak intensity in the chromatograms, assuming that the peak intensity of each constituent was proportional to the total number of acryloyl groups. In the case of GC, however, the molar ratio among the constituents was determined by the relative peak intensities detected by FID after making molar sensitivity corrections using the effective carbon number concept. 17 The values obtained from the MALDI-TOF-MS spectra were quite different from those determined by GC and SFC, while the observed ratios of DA/MA were almost in accord with those by GC and SFC. This fact suggests that the observed compositions by GC and SFC would be more accurate than those by MALDI-TOF-MS, although the content of PG was not determined by SFC using UV detection. The fairly big discrepancy for the results by MALDI-TOF-MS should be attributed mostly to its inherent mass discrimination. 9, 10 Finally, the distributions of DP for each homologous series in the PGA samples were estimated based on the individual peak intensities. Figure 6 shows the observed distributions for PGA-2 by MALDI-TOF-MS (A), SFC (B) and GC (C). Here, the peak intensities obtained by SFC and GC were also corrected in a similar manner to that mentioned above, and normalized in every case by the intensity for the most abundant component (D7). The fact that the observed distributions by MALDI-TOF-MS are quite different from those obtained by SFC and GC could mainly be attributed to the difference in the efficiencies of ionization for MALDI-TOF-MS depending on the chemical structures and molecular weight of the species, and to the selective vaporization of lower molecular fractions in the ionization chamber to some extent. On the other hand, the distributions obtained by SFC and GC are comparable for DA and MA.
However, the relative intensities for larger components (DP >9) observed by GC are relatively small, mostly because of their lower volatility. Therefore, SFC and GC should be used complementarily for the quantitative evaluation of the PGA sample. Thus, the distributions of the DA and the MA homologues were first estimated from the SFC data, whereas the relative abundances among DA, MA and PG for a given DP were calculated based on the observed gas chromatograms, except for the higher DP components.
